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Carbon nanotubes (CNTs) have been powerful candidates about various applications such as 
electronics, energy storages, composites for decades because their outstanding electrical, mechanical 
and structural properties. These properties heavily related to their structural features represented by 
chirality, diameter and number of walls. Therefore, structure controllable CNTs synthesis is 
indispensable for commercial applications. Despite of dedicated researches about effective synthesis 
method or post-treatment, still can’t define precise mechanisms for homogeneity CNTs growth. 
In this study, we tried heat treatment of single-walled carbon nanotubes (SWCNTs) and multi-
walled carbon nanotubes (MWCNTs) as post-treatment method from 1700 ℃ to 3000 ℃ for 10 min by 
employing a rapid heating system which is based on joule heating that can heat up higher than 3000℃ 
quickly and characterized by Raman spectroscopy and transmission electron microscopy (TEM). We 
observed diameter enlargement of SWCNTs with increasing the temperature and MWCNTs specially, 
odd number of walls appear at higher than 2500 ℃. This result confirms mechanisms about 
transformation of SWCNTs to MWCNTs by SWCNTs bundle coalescence different from SWCNTs 
coalescence which induces enlarged diameter. The result of MWCNTs shows the quality improvement 
by defects healing and purifications at the temperature 3000 ℃ for 30 min. 
Both experimental results demonstrate the effect of heat treatment as post treatment and can 
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1.1 Carbon based materials 
Nanomaterials, especially, carbon-based multi-dimensional materials such as fullerene (0-D), 
carbon nanotube (1-D), graphene (2-D) and diamond (3-D) are carbon allotrope materials and have 
outstanding properties as mechanical, electrical, thermal, optical and etc. Due to these, carbon-based 
materials have been candidates in various fields including nanoelectronics, composites, bio-sensing and 
energy storage.  
In 1985, H. W. Kroto et al.1 discovered fullerene with consisting 60 carbon atoms called 
“Buckminsterfullerene” by laser irradiation (They won the Novel Prize for chemistry in 1996). This 
molecule consists of 12 pentagons and 20 hexagons with the shape like a spherical soccer ball (Fig. 1.1). 
The C60 is the smallest fullerene and each carbon atoms are sp2 hybridized with all pentagons which are 
isolated by hexagons. There are two bond length, 6-5 junction and 6-6 junction. 6-6 junction is 
considered double bonds which cause restricting double bond in pentagon rings and easily react with 
electron rich type2,3 
 
In 1991, Sumio Iijima4 found another novel material while doing produce fullerene with arc-
discharge system, hollow tubular structure called “Carbon Nanotubes”. The first observation of tube 
was multi-walled carbon nanotubes (MWCNTs) and after single-walled carbon nanotubes (SWCNTs) 
with diameters about 1 nm were found using metal catalysts in arc-discharge method5 (Fig. 1.2). Carbon 
nanotubes also have sp2 hybridized carbon atoms that each atom covalent bonded with 3 neighbor atoms 
Figure 1.1 C60 Buckminsterfullerene (From Ref. [3]) 
 2 
and considered as one-dimensional carbon allotrope because they have long length compared to the 
diameter; high aspect ratio. CNTs, simple-looking but outstanding properties affect by tube structure 
have attracted the attentions of many researchers how synthesize the CNTs with constant structure. This 





2-dimensional carbon allotrope called “Graphene” is hexagonal honeycomb structure sp2 hybridized 
material seems like one layer of graphite (Fig. 1.3). Because of atomic scale thickness, it has outstanding 
properties that high young modulus, strength, thermal, electrical conductivity and even transparent. In 
2004, K. S. Novoselov et al.6 introduced about tearing the single layer of graphite method using scotch 
tape (Andre Geim and Konstantin Novoselov won the Novel Prize for physics in 2010). Since then, 
extensive researches for single crystalline and large-scale synthesis methods that can make graphene 
more valuable material for various applications have been doing7.   
 
Figure 1.2 Electron micrographs of first observed carbon nanotubes 




Diamond is well known as the hardest material in the earth and low electrical conductivity because 
it has perfect sp3 crystal structure with strong covalent bonds which is the clear difference between sp2 
hexagonal graphite structure; sp2 is related to electrical properties and sp3 is related to mechanical 
properties (Fig. 1.4)8,9. Diamonds are used in cutting, coating, and even in jewelry due to its remarkable 





Figure 1.3 Graphene structure of a 2-dimensional hexagonal single sheet of carbon atoms 
(from Ref. [7]) 
Figure 1.4 Crystal structure of (a) graphite (b) diamond (from Ref. [8]) 
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1.2 Carbon nanotube (CNT) 
 
1.2.1  Structure and properties of carbon nanotube (CNT) 
Carbon nanotubes can be simply classified with the number of tubes as Single-walled carbon 
nanotubes (SWCNTs), Double-walled carbon nanotubes (DWCNTs), Multi-walled carbon nanotubes 
(MWCNTs) (Fig. 1.5). Single-walled carbon nanotubes shape like a rolled-up single-layer graphene 
sheet with diameter almost less than 2nm and multi-walled carbon nanotubes have multi-layers with 
broader diameter ranges. In multi-walled carbon nanotubes (MWCNTs), wall-wall distance is generally 
0.34 nm that the same with the distance of each graphene layers in graphite10. There are two structural 
models in MWCNTs, one is Russian Doll model that consists separated nanotube for each wall and the 
other is Parchment model which forms wrapped around single graphene layer11. Table 1.1 shows the 






Figure 1.5 Classification of CNTs (a) Single-walled carbon nanotubes (b) Double-walled carbon 
nanotubes (c) Multi-walled carbon nanotubes 
Table 1.1 Comparison between SWNT and MWNT (from Ref. [11]) 
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The structure of carbon nanotubes is based on hexagonal honeycomb sp2 carbon atom lattice that 
same with graphene sheet. Which direction the sheet rolled-up determines type of CNTs with chirality. 





Figure 1.6 Hexagonal honeycomb graphene lattice showing specified CNTs structure 
Figure 1.7 Different types of single-walled carbon nanotubes with different chirality 
(a) (6,0) zig-zag (b) (6,0) armchair (c) (6,3) chiral 
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The vector (𝑎1⃗⃗⃗⃗ , 𝑎2⃗⃗⃗⃗ ) is basic vectors in graphene lattice and (n, m) is integer which specify the 
defined chiral vector, 𝐶ℎ = 𝑛𝑎1 + 𝑚𝑎2. This chiral vector forms chiral angle (𝜃) which ranges between 
0 and 30 where chiral angle is 0, that called zig-zag and angle with 30, it is armchair direction12. 
The chiral angle in CNTs has important meaning because it not only determines the morphological 
structure, but also involves in electrical structure which band gap with metallic or semiconducting13. If 
the chiral index (n, m) has 𝑛 − 𝑚 = 3𝑘, the SWCNTs are semi-metallic with small band gap or not, 
the SWCNTs are semiconducting with broader band gap12. Hence, SWCNTs can be applied to various 
applications through band gap adjustment with chiral homogeneity that is the most attractive point for 
next generation material and essential part that requires advanced study as well. 
The CNTs have mechanical properties that very light weight but high tensile strength and elastic 
modulus from sp2 covalent bonds among the carbon atoms. In 2000, M. F. Yu et al.14 measured tensile 
strength of MWCNTs from 11 to 63 GPa. High aspect ratio with a hollow tube structure cause twist, 
kink and buckle when compressed in axial direction, but can restore its structure within limits11,15. 
Thermal conductivity of SWCNTs is about 2000 W/m K and MWCNTs of 3000 W/m K16,17. These 







Table 1.2 Comparison of Mechanical Properties of CNTs and Other Materials (From Ref. [15]) 
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1.2.2  Synthesis of carbon nanotubes 
Since the discovery of CNTs with arc-discharge method4, there have been designed to synthesis 
process for CNTs. The most popular synthesis methods are arc-discharge4,18–20, laser ablation21–24, 
Chemical Vapor Deposition (CVD) process25–29. Arc-discharge method is known as to produce high 
crystalline CNTs and schematic of this method is shown in Fig. 1.8. It consists of two graphite electrodes 
in vacuum chamber, especially anode is covered with carbon precursor and catalyst. When the D.C arc-
discharge current is connected, it raises the temperature and carbon vapor which is evaporated from 
anode is deposited to opposite cathode. This process depends on some parameters such as gas condition, 
temperature, type of catalysts. Zujin Shi et al.20 achieved the high yield SWCNTs using Y-Ni alloy as 
anode catalyst. 
 
Laser ablation method was first developed by Guo et al. in 199530 that known to much purer CNTs 
can be produced than arc-discharge22. Nd:YAG laser pulse evaporates the graphite target by high 
temperature in argon gas atmosphere and vapor phase carbon moves water-cooled copper collector 
along the argon flows direction23,31 (Fig. 1.9). In this process, SWCNTs can be produced by adding 
transition metallic catalyst such as Ni-Co whereas MWCNTs from pure graphite24. 
Figure 1.8 Schematic of arc-discharge method process (From Ref. [18]) 
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Chemical Vapor Deposition (CVD) method is the most widely used process to synthesize the CNTs 
so far due to low-cost and high yield compares with arc-discharge or laser ablation method. Also, CVD 
provides various synthesis ways that can easily change growth condition as thermal CVD, catalytic 
CVD and plasma enhanced (PE) CVD32. Fig. 1.10 shows the schematic of a simple CVD process. 
Catalyst deposited on to substrate is put in the tubular furnace which inert gas atmosphere and heat to 
high temperature. Hydrocarbon gas as carbon precursor flow to furnace and CNTs can grow at the 
catalyst particle with decomposed carbon vapor by temperature. In this process, there are several 
parameters what we can control such as catalyst, temperature, pressure, growth time and carbon 
precursor which is the major advantage of CVD method. For example, catalyst size difference affects 
CNTs dimeter and commonly, CVD in low temperature can yield MWCNTs whereas, higher 
temperature creates SWCNTs. 
 
Figure 1.9 Schematic of laser ablation method (From Ref. [23]) 
Figure 1.10 Schematic of simple CVD process (From Ref. [32]) 
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Especially, P. Nikolaev et al.29 designed the high pressure carbon monoxide (HiPCO) method that 
can produce with narrow diameter distribution (~ 0.7 – 1.2 nm) SWCNTs. This gas-phase method is 
synthesize SWCNTs by the decomposition of Fe(CO)5 as catalyst in CO flowing as carbon precursor at 
high pressure atmosphere (Fig. 1.11)28,29. This process is proper to mass-production due to continuous 














Figure 1.11 Schematic of high-pressure carbon monoxide (HiPCO) reactor 
(From Ref. [29])  
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1.2.3  Applications 
Carbon nanotubes have been candidates for various potential applications about electrical nano 
devices, nanocomposites, energy storages and so on due to its advantages in outstanding properties. 
Firstly, CNTs are suitable for next generation electronics with their bandgap which is highly depend on 
diameter even flexible and transparent. S. Jang et al.33 reported carbon based transistors which CNTs 
as a semiconducting channel and graphene as electrodes (Fig. 1.12a-b). These have excellent electrical 
performance due to negligible contact resistance between CNTs and graphene. Q. Cao et al.34 introduced 
bendable and transparent thin-film transistors (TTFT) with SWCNTs networks (CNN) as all part of 
semiconducting and conducting layers on plastic substrate (Fig. 1.12c ). Moreover, functionalized CNTs 
can be utilized for sensing device due to their sensitivity. M. He35 report about CNTs sensor which is 
functionalized by cobalt(III) tetraphenylporphyrin for detecting N- nitrosamines (Fig. 1.12d).  
 
 
CNTs may most widely be used as composites with polymers that can enhance the mechanical 
strength or electrical, thermal conductivity36. Polyaniline-MWCNT nanocomposites applied for 
electromagnetic interference (EMI) shielding effect37 and MWCNT-MnO2/PPy as an anode in fuel 
Figure 1.12 (a) Schematic of the carbon based flexible transparent thin film transistors (TTFTs) (From 
Ref. [33]) (b) Image of an optical transparent and bendable TFT device (From Ref. [33]) (c) Schematic 
illustration of the sequence of device fabrication procedures for CNN based flexible TTFTs (From 
Ref. [34]) (d) Schematics of CNTs sensors for N-Nitrosodialkylamines (From Ref. [35]) 
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cells38 improving electrical conductivity. In addition, CNT composites have been actively studied for 
aerospace industry called the forefront of material research because of its advantage of strong but light 
weight. 
The hollow space size inside of CNT is determined by tube diameter that is controlled by synthesis 
process and this space is useful for energy storages or membranes39–42. R. S. Rajaura et al.39 reported 
hydrogen storage capacity through functionalization of CNTs and introduced about storage sites of 
CNTs; ⅰ) inside the CNTs, ⅱ) CNTs surface, ⅲ) channel of CNTs, ⅳ) grove of CNTs (Fig. 1.13a). S. 
Mi et al.40 reported that the SWCNTs are much better than MWCNTs for hydrogen storages hence 
hydrogen capacity increases with SWCNTs size but, not in MWCNTs case. Fig. 1.13b shows the 
MWCNTs membrane which filter salt water and its permeability is also defined by entrance size of 
tube42 
 
Beyond these applications, there are inexhaustible ways to utilize the outstanding properties of 
CNTs but, these are heavily influenced by its structural and topological features which highly affect the 
properties of CNTs. In this regard, many researchers have focused on growth mechanism of CNTs26,43,44 





Figure 1.13 (a) Different storage sites of CNTs (From Ref. [39]) (b) Membrane with CNTs and 
graphene sheets for purifying Cl− (green ions) and Na+ (violet ions) in saltwater (From Ref. [42]) 
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1.3 Previous literature 
 
1.3.1  Heat treatment of CNTs 
Unlike synthetic methods, heat treatment is well known to one of post-treatment methods. The 
growth mechanisms of CNTs are still not fully understood despite the many efforts of researchers. 
Therefore, post-treatment has been studied as to structural control of CNTs.  
P. Nikolaev et al49 introduced SWCNTs diameter doubling from coalescence of SWCNTs by heat 
treatment at 1400 ℃. They explained that the coalescence of SWCNTs is derived by reduced strain 
energy and same chirality can coalesce seamlessly. M. Yudasaka et al.50 heat treated with HiPCO 
SWCNTs from 1000 ℃ to 2000 ℃ for 5 hour and expected that the diameter can increase by self-
reconstruction because the results showed the diameters increased gradually but were not accorded with 
integer of pristine diameter. K. Méténier et al51 experimentally demonstrated heat treatment of SWCNTs 
can cause the formation of MWCNTs at higher than 2200 ℃ and simulation works52,53 supported these 
observations.  
In 2002, M. Endo et al.54 tried with DWCNTs from 1500 to 2400 ℃ and produced carbon bicable. 
They emphasized that the reconstruction by heat treatment can be utilized to control the structure and 
diameter and even creates distinctive carbon structure. R. Andrews et al.55 introduced the effect of 
graphitization of MWCNT. They observed residual contents and microstructure defects are removed by 
high temperature heat treatment up to 3000℃. Priyanka H. et al.56 also introduced the effect of heat 
treatment of MWCNTs by catalytic chemical vapor deposition (CCVD) method. As produced 
MWCNTs by CCVD method contain metal catalyst residues and have poor crystalline order, heat 
treatment can help to remove these and improvement the quality. 
 
1.3.2  Coalescence mechanisms of CNTs 
In 2000, M. Terrones et al.52 introduced the “zipping” mechanism of coalescence of same chiral 
SWCNTs through theoretical simulation based on the results of electron irradiation to SWCNTs (Fig. 
1.14). They mentioned that thermal process and sufficient available kinetic energy are needed to 
formation of interconnection. Besides, X. Yang et al.57 introduced junctions between two non-










Figure 1.14 Coalescence between two parallel (10,10) carbon nanotubes into a larger diameter tube 
[side (left), cross section (right) (a) the creation of 20 vacancies in two adjacent nanotubes (b) The 
connected two carbon nanotubes with “zipping” mechanism (c) The coalesced larger tube about 2.6 nm 
(From Ref. [52]) 
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M.J. López et al.53 proposed a coalescence mechanism of SWCNTs bundle which surrounding 
around the center SWCNT. “patching and tearing” mechanism what they suggest can transform 
SWCNTs to MWCNTs (Fig. 1.15) and also they emphasized that thermal treatment higher than 
graphitization temperature (2200 ℃) is needed due to bundles of SWCNTs are thermal stable.  
Inspired by these researches, we tried experimental study of heat treatment of HiPCO SWCNTs and 
MWCNTs from 1700 to 3000 ℃. Differ to previous process, we derived very short time (10 ~ 30 
minutes) process by rapid joule heating system. Our results show that the diameter of SWCNTs 
increased with rising the temperature and SWCNTs transformed to MWCNTs from 2500 ℃ especially, 
most MWCNTs has odd number of walls such as 3- or 5-walled CNTs. We demonstrated the odd-even 
effect by coalescence of SWCNTs the support of previously proposed mechanism of transformation to 
MWCNTs. Also, we observed that several defects such as disconnected, bent and surface residues in 
the pristine MWCNTs disappeared and quality was improved by heat treatment at high temperature 
about 3000 ℃. These results were characterized with Raman spectra and Transmission Electron 





Figure 1.15 Snapshots showing the sequence of the transformation of seven single-walled carbon 
nanotubes bundle to multi-walled carbon nanotube (From Ref. [53]) 
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Ⅱ. Experimental details 
 
2.1 Materials 
HiPCO SWNT dry powder was purchased from ChemElectronics, Inc. Individual SWNT diameter 
is 0.8 – 1.2nm. MWNT powder was purchased from Sigma-Aldrich® produced by Catalytic Chemical 
Vapor Deposition (CCVD) method with 9.5nm average diameter. All of Specimens in this study were 
prepared in the graphite filament crucible made by carbon fiber without further purification. After 
treatment, the samples were dispersed in ethanol with Sodium Dodecyl Sulfate (SDS) for 1 hour by 
ultrasonication and they were analyzed with Raman spectra and transmission electron microscope 
(TEM). 
 
2.2 Experimental methods 
 2.2.1  Rapid Heating System 
 
Rapid heating system (Fig. 2.1) is designed by The IBS Center for Multidimensional Carbon 
Materials. Its operating principle is joule heating process with controlled by AC current up to 600 A and 
the temperature of graphite crucible was calibrated by pyrometer. Sample is enclosed inside of cap and 
graphite filament crucible which is connected with electrodes both sides. The heating elements, graphite 
crucible, converts electrical energy from electrodes into heat. Advantages of rapid heating system are 
very high ramping rate and users can control the working conditions such as pressure, gas condition 
Ar gas vent 
v 
Figure 2.1 The schematics of Rapid heating system 
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inside of chamber and even the ramping rate. In this study, with these features, ramping rate was set to 
10 seconds and the pressure was 770 Torr with Ar flow condition. Both CNTs pristine samples were 
heat treated from 1700 ℃ to 3000 ℃ for 10 minutes and MWCNTs sample treated for 30 minutes 
additionally. 
 
2.2.2  Raman Spectroscopy 
Raman spectroscopy has been used for characterizing CNTs structure such as diameter, quality and 
electrical properties; semiconducting or metallic. Fig. 2.2. shows the atomic vibration types in CNTs. 
The Radial breathing mode (RBM) peak arises from 80 cm-1 to 300 cm-1 which caused by the vibrations 
of carbon atoms in radial direction58 (Fig. 2.2a). Because it is peculiar mode that appears just in CNTs, 








Figure 2.2 Schematics of the atomic vibrations for a) the RBM and b) the G band modes  
(From Ref. [58]) 
 17 
 
The G band which is called tangential mode seems like stretching of C-C bonding can be observed 
about 1580 cm-1 (Fig. 2.2b). It can show the electrical properties of tube which is semiconducting or 
metallic with two separate peaks, G+ and G- peak.  
As shown in Fig. 2.3, there are different line shape of G peak among each tube characters. Compare 
with semiconducting SWNT, the Lorentzian line shape, the metallic SWNT has broaden G- peak which 
is related to free electrons in CNTs58,61. In addition, G peak somewhat depends on the diameter of tube 
as MWNT which has large diameter outer tube appear single G peak that similar with graphite60. 
At last, D band around represents defects. As the intensity of the D peak increases, there are more 
defects so, G/D ratio has been mainly used to assess the quality of CNTs. Due to the MWNT is hard to 
Figure 2.3 G band for highly ordered pyrolytic graphite (HOPG), MWNT bundles, 
semiconducting SWNT and metallic SWNT (From Ref. [58]) 
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evaluate from RBM or G peak, G / D ratio is much used to estimate its structure. 
In this study, we used Raman spectroscopy with 532 nm green laser to characterize the diameter 
and quality of CNTs. 
 
2.2.3  Transmission Electron Microscope (TEM) 
Transmission Electron Microscope (TEM) is the most powerful method to analyze the structure of 
CNTs such as the inner and outer walls diameter, number of walls, defects and chirality62. 
To take the TEM, we dispersed the sample powder into ethanol with Sodium Dodecyl Sulfate (SDS) as 
surfactant with ultrasonication for 1 hour and drop onto a copper grid. TEM images were used for 













Ⅲ. Results and discussions 
3.1 HiPCO SWCNTs 
 
3.1.1  Pristine HiPCO SWCNTs 
 
 
The diameters of pristine HiPCO SWCNTs were characterized with Raman RBM peaks and TEM 
images then identified the distribution of diameters (Fig 3.1-2). As shown in Fig. 3.1a, dominant RBM 
peaks of pristine sample emerge at 183, 231, 267 cm-1 which are correspond to diameters of 1.35, 1.07, 
0.93 nm by using the equation of d = 248/𝜔𝑅𝐵𝑀
59. From TEM images (Fig. 3.2), we can observe they 
are the form of bundle structure containing many iron clusters and also figure out the most diameter 
have 0.9 ~ 1.3 nm. 
Figure 3.1 Characterization of pristine HiPCO SWCNTs (a) Raman RBM peaks (b) diameters 
distribution 
Figure 3.2 TEM images of pristine HiPCO SWCNTs 
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3.1.2  Raman Spectroscopy 
 
Fig. 3.3a shows the RBM peaks which indicate diameter changes by heat treatment from 1700 to 
3000 ℃ for 20 minutes. Under 2000 ℃, the pristine three RBM peaks (183, 231, 267 cm-1) are still 
dominate but the ratio of high frequency ones (231, 267 cm-1) keep decreasing that imply the smaller 
SWCNTs gradually enlarge. In this part, diameter around 2 nm doesn’t appear in RBM peak. So, it is 
thought that enlarged SWCNTs under 2000 ℃ are caused by self-reconstruction, not a coalescence. 
From temperature at 2300 ℃, new RBM peak (144 cm-1) which correspond with 1.72 nm emerge and 
it is close to the doubling of smallest pristine SWCNTs about 0.9 nm that considered coalescence with 
each other. When the heat treatment temperature was higher than 2700 ℃, 115 cm-1 peak (2.15 nm) 
which considered to coalescence of SWCNTs around 1.06 nm is appear. Although, it is hard to figure 
out the diameter larger than 2.5nm form RBM peak, there may has larger tubes and we think that the 
doubling of large SWCNTs requires much higher temperature than smaller ones.  
Also, Fig. 3.3b shows the G peaks (1580 cm-1) of SWCNTs. We can estimate that the left shoulder 
of G peak around 1550 cm-1 is gradually decreased with the temperature increasing and disappears. 
Figure 3.3 Raman spectra of heat-treated HiPCO SWCNTs at each temperature (a) Raman 
RBM peaks (Estimated diameters (nm) are indicated with arrow mark) (b) D, G, 2D peaks 
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This is explained to the disappear of small diameter and metallic SWCNTs which is less stable than 
the semiconducting SWCNTs58,63. 
From Raman results, we considered the HiPCO SWCNTs structure transformation mechanisms by 
heat treatment. Firstly, small diameter SWCNTs are enlarged more and more by the structural 
reconstruction and then start to coalescence at higher temperature. 
 
3.1.3  Transmission Electron Microscope (TEM) 
To support the results from Raman spectra (Fig. 3.3), heat treated HiPCO SWCNTs were 
characterized with the transmission electron microscopy (TEM) (Fig. 3.4-9). Though diameters of 
SWCNTs cannot show evident change until 2000 ℃, iron clusters in tubes were eliminated comparing 
with pristine SWCNTs images (Fig. 3.2). At 2300 ℃, also, tubes still remain as single-walled tube 
structure, but the diameters are significantly enlarged. 
 
 





Figure 3.5 TEM images of heat treated HiPCO SWCNTs at 2000 ℃ 





Figure 3.7 TEM images of heat treated HiPCO SWCNTs at 2500 ℃ 




From 2500 ℃ (Fig. 3.7), SWCNTs commence to transformation to MWCNTs and those are much 
larger than enlarged SWCNTs. MWCNTs emerge more and more with increasing temperature and the 
number of walls increased. Also, we can see that the number of tubes in each bundle are much smaller 
than the pristine bundles. These imply that the SWCNTs in bundles are coalesced by heat treatment. In 
addition, some unique features such as bent junction, irregular diameters in one tube and different gaps 
of each walls are occurred (red dotted marks in Fig 3.8-9). 
 
 







Figure 3.10 TEM images for each number of walled carbon nanotube after heat treatment at 2700 ℃ 
(a) double-wall (b) triple-wall (c) 4-wall (d) 5-wall 
Figure 3.11 Statistics about diameter and number of tube walls after heat treatment at 2700 ℃ 
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To further study, we characterized the number of walls in MWCNTs after heat treatment at 2700 ℃ 
(Fig. 3.10) and got the statistics based these TEM images (Fig. 3.11). We can figure out that the 
distribution of CNTs diameter range is much broader than pristine samples and all of smaller than 1 nm 
CNTs are disappeared which implies that the small diameter CNTs are coalesced with each other and 
transformed to larger ones. 
Above all, the most unique feature is that the even number (double-, 4-walled tube) of CNTs are 
hard to find out comparing with odd number (triple-, 5-walled tube). Among the 180 CNTs samples, 
we just observed only one DWCNTs and two 4-walled CNTs but, 17 triple-walled and 6 5-walled CNTs 
(Fig. 3.11). This phenomenon makes possible to predict novel mechanism that the transformation of 
even number of CNTs is prohibited during the coalescence of SWCNT bundles. 
 
3.1.4  Mechanisms about SWCNTs bundle transform to MWCNT 
 
 
With these results, we expected two coalescence mechanism of SWCNTs bundles, one is triple-walled 
CNT with uniform wall-wall distance and the other is triple-walled CNT which has irregular wall-wall 
Figure 3.12 (a) Mechanism of transform to odd number of CNT (b) Mechanism of coalescence of 
different diameter in one tube (c) Mechanism of transform to 5-walled CNT in bundle with far more 
tubes 
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distance (Fig. 3.12a-b). Also, this process can be proceeded to the formation of 5-walled CNTs by 
applying much more SWCNTs around triple-walled CNT (Fig. 3.12c). EDKMC simulations were 
performed to support suggested mechanisms (Fig. 3.13). Fig. 3.13a-b show the sequential coalescence 
of (6,6) SWCNTs. Two (6,6) SWCNTs coalesce each other with junction firstly and the C-C bonds 
connecting the top and bottom carbon layers break gradually due to the decreasing of the high curvature 
energy of system in this part and finally, (12,12) SWCNT is formed64–66. Further coalescence with (6,6) 
SWCNT again, the tube is still SWCNT with enlarged diameter which means that the sequential 
coalescence of SWCNTs leads to just larger single-wall like SWCNT diameter doubling observed by P. 
Nikolaev et al.49. Distinct mechanism from that, explain the spontaneous coalescence of SWCNTs 
bundle (Fig. 3.13c). Surrounding (6,6) SWCNTs around (12,12) SWCNT merge together and junctions 
among them disappeared gradually as they coalesce. Eventually, this process leads to triple-walled CNT 
which also agrees with mechanism of MWCNT growth proposed by M.J. López et al.53. Also, Fig. 
Figure 3.13 (a-b) The sequential coalescence of (6,6) SWCNTs (c) The spontaneous coalescence of 
nine (6,6) SWCNTs around (12,12) SWCNT (d) The coalescence of different length of (5,5) SWCNTs 
(Provided by Ziwei Xu in Prof. Feng Ding’s group) 
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3.13d can explain unique structure observed in TEM images (Fig. 3.8-9 red dotted mark). 
The main contents that can be derived from these results are as follows. The sequential coalescence 
of SWCNTs small bundle induce a large SWCNT and the spontaneous coalescence of surrounding 
SWCNTs always add two layers to center SWCNT. So, MWCNTs by coalescence of SWCNTs bundle 




3.2.1  Raman Spectroscopy 
MWCNTs are hard to analyze with RBM peaks due to its large diameter, feature characterization 
with Raman spectra is limited to G, D peaks. Pristine MWCNTs powder was heat treated from 2500 ℃ 




Figure 3.14 D, G, 2D peaks in Raman spectra of heat-treated MWCNTs at each temperature  
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Fig. 3.14 shows the D, G and 2D peaks of each MWCNTs samples. G/D ratio is most efficient way 
to evaluate defects in CNTs which the higher value means the better quality. In pristine sample, D peak 
has higher intensity than G peak with G/D ratio, 0.991. After heat treatment at the temperature 2500 
and 2800 ℃, the intensity of G peaks is higher than D peaks of which G/D ratio ≈ 1, that still seems 
similar to pristine sample. When heat treated at 3000 ℃ for 30 min, the G/D ratio is increased almost 
1.2 which indicates that the increase of crystalline region and improved purity. These results seem to be 
related to the previous research by W. Huang et al.67 about heat treatment of MWCNTs as the efficient 
purification method, but they described that defect healing of MWCNTs takes a long time. 
 
3.2.2  Transmission Electron Microscope (TEM) 
To further study about the quality changes by heat treatment, we compared pristine sample and heat 
treated at 3000 ℃ for 10 min with TEM and high resolution TEM (HR-TEM). Fig. 3.15 shows TEM 
images of the pristine MWCNTs which have many defects such as rough surface, broken tube and 
amorphous carbon in inner tube. These defect types are specified by HR-TEM images (Fig. 3. 16).  
 
 Figure 3.15 TEM images of pristine MWCNTs 
 30 
 
In comparison with pristine MWCNTs, improved MWCNTs after heat treatment are shown in Fig. 
3.17-19. The most evident change between pristine and heat-treated samples is surface defects 
improvement. Besides rough and residual surface in pristine, heat-treated samples are smoother and 
much straight although residues were not completely removed (Fig. 3.18). Fig. 3.19 shows bamboo-
like MWCNT of which growth process is known to the accumulation of carbon atoms at catalyst particle 
in particular, inner part of tube that is already growing and this atoms grown to graphitic sheet by 
forming joint with the wall68–70. Similar to this mechanism, disconnected amorphous graphitic region 
can grow new tube by connecting each other due to confined high concentrate carbon atom which is 
confined in outer tube. 
Furthermore, this study has advanced research potential by characterizing the chirality of tubes with 
electron diffraction pattern from HR-TEM because what we expect is that various chirality of each 
walls in one tube will become monotonous by post-treatment. 
Figure 3.16 HR-TEM images of defect types in pristine MWCNTs (a) disconnection (b) buckling 







Figure 3.17 TEM images of heat treated 3000 ℃, 30 min MWCNTs 
Figure 3.18 HR-TEM images of heat treated 3000 ℃, 30 min (provided by Jongchan Yoon in Prof. 


















Figure 3.19 HR-TEM images of heat treated 3000 ℃, 30 min (bamboo structure in red square) 




We studied about the structure transformation of SWCNTs and MWCNTs by heat treatment. 
Firstly, we observed that the diameter of SWCNTs gradually enlarged from 2000℃ but at higher 
than 2500℃, the small bundles coalesce to large diameter one and the large bundles lead to MWCNTs. 
Also, we found some unique nanostructures such as SWCNTs which have different diameter in one 
tube and irregular diameters MWCNTs. It is that SWCNTs are unstable at high temperature and the 
surrounding environment is a key factor that determines transformation structure like enlarged 
SWCNTs or MWCNTs especially odd number of walls. Through these results, we suggested the novel 
mechanism which SWCNTs transform to odd number of walls MWCNTs by heat treatment 
Next is the study about structural change of MWCNTs during heat treatment. Because MWCNTs 
are much thermally stable than SWCNTs, those structure was not drastically changed at similar 
temperature of SWCNTs but defects in tubes improved at higher than 3000℃ for 30min. These results 
show that there are worth to further study about chirality change of each wall in MWCNTs and defect 
healing during heat treatment by HR-TEM analyzing. 
These two researches specifically demonstrated the effect of heat treatment as a post-treatment 
method through experimental results. Of course, further studies are needed, we expect that this 
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